Herein we report the encapsulation of hollow Pt or Pd nanoparticles into ZIF-8, making a series of composites in which the ZIF-8 shell thickness has been systematically varied. By using these composites as catalysts for the reduction of 4-nitrophenol and Eosin Y, we show that the MOF shell thickness plays a key role in the catalytic performance of this class of composites.
The combination of two or more materials forming composites is a powerful strategy to create new materials with superior (multi)functions. With this aim, inorganic nanoparticles (iNPs) have recently been incorporated in metal-organic frameworks (MOFs) to create a new class of porous composites (hereafter called MOF@iNP) with interesting applications in sensing, catalysis, plasmonics and pollutant sequestration and degradation. 1,2 _ENREF_1 Among these applications, their use for heterogeneous catalysis is promising. Combining iNPs and MOFs overcomes some of the intrinsic problems of iNPs when used in catalysis, 3 such as their tendency to aggregate, their low recyclability, and the difficulty to recover them from the reaction media. MOFs can support and protect them, thus facilitating their recovery from the bulk solution and preventing particle aggregation. In addition, the well-defined pore characteristics of MOFs can ideally permit the selective gating of the molecules that reach, and therefore react with the iNPs.
The most common methods to produce MOF@iNP composites include infiltration of the iNP precursors and subsequent growth of the iNPs inside the MOF; 4 attachment of the iNPs onto the surface of the MOF; 5 and the use of iNPs as nucleation centers to growth the MOF around them, thus encapsulating the iNPs into the synthesized MOFs. First reported by Huo et al., 6 this latter method is very versatile to design MOF@iNPs for heretogeneous catalysis applications since it allows using and protecting iNPs with no size, shape and nature restriction as well as controlling the number and localization of these iNPs inside the MOFs. For example, analogous ZIF-8@iNP composites have been successfully synthesized with Pt and Au NPs of different sizes (e.g. 2.5, 2.7, 3.3 and 4.1 nm for Pt; and 13, 15 and 34 nm for Au) [6] [7] [8] , Au NPs of different shapes (spheres and cubes), and iNPs of different nature (e.g. Au, Pt, Fe3O4, CdTe, CdSe and Pd). 6, 9 Also, ZIF8@Au composites in which the embedded Au NPs are localized at the core (even at the single particle level) or spread over the ZIF-8 crystals have been generated. [9] [10] [11] To date, some advances have been made in using these MOF@iNP composites for heterogeneous catalysis. For example, ZIF-8@AuNP and ZIF-8@PtNP composites have shown to be efficient catalysts for the oxidation of CO, 6 the reduction of 4-nitrophenol (4-NP), 9, 12 the oxidation of benzyl alcohol, 11 and the hydrogenation of alkynes. 7 Thus far, however, almost no one has paid special attention to study which parameters play a key role in the catalytic performance of these MOF@iNP composites. Farha et al. noticed that an increase of the external crystal surface of MOF leads to an increase of the yield of the hydrogenation of alkynes. 7 Here we report on the influence of the MOF shell thickness on the catalytic performance of this class of MOFs@iNP composites. We postulate that this parameter must be critical for their catalytic properties since it must directly impact on the accessibility and diffusion of the molecules to the iNPs. In this study, we chose ZIF-8 as the MOF, and hollow Pt and Pd NPs as the iNPs. We chose ZIF-8 because it has been widely used to produce MOF@iNP composites. And we chose hollow Pt and Pd NPs because they present some advantages over their solid counterparts in terms of lighter weight, saving of material, reduction of cost and superior catalytic activities associated to a nanoreactor cage effect and to the highly active uncapped and rough inner surfaces. In fact, they are excellent catalysts for the two model reactions selected for this study: the reduction of 4-NP and the bulkier Eosin Y (EY). Reduction of 4-NP is a common reaction since it is usually used for the remediation of 4-NP; a water pollutant with high toxicity. 13 Reduction of dye EY is a commonly used model reaction to probe the catalytic activity of iNPs. 14 This study began with the systematic synthesis of a series of ZIF-8@PtNP and ZIF-8@PdNP composites, which vary in size (hereafter defined as c = (c 1 +c 2 )/2; Fig. 1c , Table 1 , and Experimental Section, ESI †). In a typical synthesis, a methanolic dispersion containing hollow Pt NPs (diameter: 27.4 ± 2.0 nm; shell: 2.8 ± 0.6 nm; Fig. 1a ) or hollow Pd NPs (diameter: 35.6 ± 3.8 nm; shell: 2.4 ± 0.4 nm; Fig. 1b ), which were previously synthesized by galvanic replacement using Ag NPs as sacrificial templates (Experimental Section and Fig. S1 -S4, ESI †), 15, 16 were first prepared at a concentration of 0.25 mM and 0.3 mM, respectively. Then, 4 mL of these dispersions were introduced into different 20 mL methanolic solutions of 2-methylimidazole (2-MiM) (2-MiM concentrations: 6.5, 25, 37.5 and 50 mM for Pt; and 6.25, 25 and 50 mM for Pd). After 2 min, 20 mL of a methanolic solution of Zn(NO3)2.6H2O (of equal molarity to 2-MiM) was added to these mixtures. The final mixtures were allowed to react at room temperature without stirring for 24 h. Finally, each one of the synthesized solids were collected by centrifugation (13200 rcf), washed 2 times with methanol and dried overnight at 60 ͦ C.
High angle annular dark field scanning transmission electron microscopy (HAADF-STEM) demonstrated the encapsulation of both hollow Pt and Pd NPs in the inner core of the ZIF-8 crystals with average diameters c ranging from 197 ± 26 nm to 1832 ± 270 nm, depending on the concentration of 2-MiM and Zn(NO3)2.6H2O used (Table 1 and Fig. 2 ). In addition, they clearly showed that the number of encapsulated hollow Pd and Pt NPs per ZIF-8 crystal also increases when increased the concentration of 2-MiM and Zn(NO3)2.6H2O in the reaction. Thus, to measure the average MOF shell thickness of each sample, we first measure the distance (hereafter defined as distance a) from the centre of the ZIF-8 crystal to the NP located closer to the crystal surface (Fig. 1c) . Table 1 .
Then, the average MOF shell thickness b of each composite was obtained from b = c/2 -a. In addition, the encapsulation of both hollow NPs was further confirmed by elemental mapping with energy dispersive X-ray spectrometry (EDX) on single composites, which revealed a uniform distribution of Zn atoms along the composite and the presence of Pt or Pd where the NPs are located (Fig. S5, ESI †) . Finally, the percentage of Pt and Pd in each composite (% wPd/Pt/wcomposite) was measured by ICP-MS, whereas the formation of ZIF-8 in all composites was corroborated by powder X-ray diffraction (PXRD; Fig. S6 , ESI †).
The different parameters for all synthesized ZIF-8@PtNP and ZIF-8@PdNP composites are listed in Table 1 .
To start evaluating the catalytic performance of the synthesized composites, we first studied the aqueous reduction of 4-NP to 4-aminophenol (4-AP) in the presence of NaBH4 and of the composites. In this reaction, NaBH4 is oxidized on the surface of the hollow NPs, provoking the reduction of 4-NP to 4-AP when enters in contact with the NPs. 17 This reduction can be simply followed by a reduction of the optical absorption at 400 nm corresponding to 4-NP.
The catalytic reactions were conducted at basic pH by mixing 0.5 ml of an aqueous solution of NaBH4 (1.3 M) with 3.0 mL of an aqueous solution of 4-NP (0.125 mM). After 2 min., 0.2 mL of an aqueous dispersion containing ZIF-8@PtNP-1 at a Pt concentration of 2.8 % w/w or ZIF-8@PdNP-1 at a Pd concentration of 1.8 % w/w was injected into the reaction mixture, and the reaction was followed every 10 min by UV−vis spectroscopy in the range of 280−460 nm (Fig. 2) . It is important to highlight here that these reactions were followed only for 30 min in the case of ZIF-8@PtNP-1 and for 40 min in the case of ZIF-8@PdNP-1 because this is the maximum time that the ZIF-8 shells of the composites remain unaltered, as was confirmed by Scanning Electron Microscopy (SEM; Fig.   S8 ,S14, ESI †). For longer times, etching of the external ZIF-8 shell was observed, increasing with time and finally exposing the hollow iNPs to the surface of the composites and releasing them. For both catalysts, the concentration of 4-NP at each time was determined using an extinction coefficient of 12.8 x 10 3 M -1 ·cm -1 (Fig. S23, ESI †) . The conversion efficiency (4-AP/4-NP0) of each composite was then measured by difference. Figure 2 shows the evolution of the resulting UV-vis spectra. In both cases, we observed that the intensity of the absorption peak at 400 nm decreases with time while a new absorption peak at 305 nm characteristic of 4-AP appears after 10 min of reaction. The reduction of the peak at 400 nm also decreased with time, achieving maximum conversion efficiencies of 79 % for the ZIF-8@PtNP-1 and 83 % for the ZIF8@PdNP-1. These results are important since they confirm that both reactants, 4-NP and NaBH4, are able to cross the ZIF-8 shells, with thicknesses of 66 ± 42 nm and 55 ± 24 nm, and reach the catalytic hollow NPs.
To study if the ZIF-8 shell thickness has an effect on the catalytic performance of these composites, we then repeated the same reaction but using the composites with thicker ZIF-8 shells as catalysts. Each reaction was again run for the time that allowed the stability of the ZIF-8 shells (Fig. S8-22, ESI †) . Figure 3a ,b shows the evolution of the conversion efficiency for the different composites with time. A first clear observation is that, independently of the nature of the iNP, the yield at a specific time decreases as the ZIF-8 shell thickness increases. For example, at 20 min, the conversion efficiencies were 0 % for both ZIF-8@PtNP-4 and ZIF-8@PdNP-3 with thicknesses of 562 ± 198 nm and 585 ± 135 nm, respectively; 15 % for the ZIF-8@PtNP-3 with a thickness of 236 ± 64 nm; 30 % for the ZIF-8@PtNP-2 with a thickness of 156 ± 64 nm; 42 % for the ZIF-8@PdNP-2 with a thickness of 148 ± 50 nm; and 72 % and 74 % for the ZIF-8@PdNP-1 and ZIF-8@PtNP-1 with thicknesses of 55 ± 24 nm and 66 ± 42 nm, respectively. Another clear evidence from this data is that, independently of the nature of the iNP, the time at which 4-AP is starting to be formed increases as the ZIF-8 shell thickness also increases. Indeed, for the thicker composites, the formation of 4-AP was detected after 30 min of reaction.
Both observations agree well with the fact that the diffusion time of 4-NP and NaBH4 molecules through the MOF shell to reach the surface of the hollow iNPs is a ratedetermining step in the reduction of 4-NP when using these MOF@iNP composites. To further confirm this conclusion, we also studied the one-electron reduction of a bulkier molecule such as EY 2-in water and in the presence of NaBH4 and the composites as catalysts. It is important to note here that, in the presence of NaBH 4 but not of hollow iNPs, the initial EY 2-specie suffers a two-electron reduction forming the colourless specie EY 4-, which can be followed by a reduction of the optical absorption at 516 nm corresponding to EY 2-. However, when both NaBH4 and hollow NPs are present, the reduction pathway changes to a one-electron reduction forming EY 3-, which formation can also be followed by not only the reduction of the peak at 516 nm but also the appearance of a new peak at 405 nm._ENREF_14 14 Similar to the reduction of 4-NP, the catalytic reactions to study the reduction of EY 2-were conducted by mixing 1.5 mL of an aqueous solution of EY 2-(4 × 10 −5 M) with 0.6 mL of an aqueous dispersion containing ZIF-8@PtNP at a Pt concentration of 2.8 % w/w or ZIF-8@PdNP at a Pd concentration of 1.8 % w/w. Then, the volume of the resulting mixture was adjusted to 2.5 mL by the addition of 0.4 mL of deionized water. After 3 min, 0.5 mL of an aqueous solution of NaBH4 (0.12 M) was injected into the reaction mixture, and the reaction was followed every 10 min by UV−vis spectroscopy in the range of 300−600 nm (Fig. 2) . For these reactions, the concentrations of EY 2-and EY 3-were determined using their previously reported extinction coefficients of 10.2 x 10 4 M -1 ·cm -1 and 4.5 x 10 4 M -1 ·cm -1 , 18 respectively. And the conversion efficiency (EY 3-/EY0 2-) of each composite was measured by the ratio between the concentration of EY 3-at a given time and the initial concentration of EY 2-right after mixing all reactants.
Importantly, the general trends were very similar for both reduction reactions (Fig. 3) . We found that the conversion rate EY 3-/EY0 2-also increases as the ZIF-8 shell thickness decreases, and that the time at which EY 3-is starting to be formed also increases as the ZIF-8 shell thickness increases. In particular, this latter trend is more evident in the formation of EY 3-. For example, in the case of ZIF-8@PtNP composites, the formation of EY 3-was detected at 10 min for a thickness of 66 ± 42 nm; at 20 min for a thickness of 156 ± 64 nm; and at 40 min for a thickness of 236 ± 64 nm. In the case of the thicker composite, we could not detect catalytic activity even after one hour of reaction. We attributed this behaviour to the bigger size of EY 2-in comparison to 4-NP, which makes its diffusion through the ZIF-8 shell more difficult.
In conclusion, we have determined that the MOF shell thickness is an important parameter to be considered when MOF@iNP composites are used as catalysts; as evidenced by the lower conversion efficiencies given for the composites with thicker shells at a certain time. Our findings suggest that decreasing the size (at the nanoscale) of these composites should facilitate the production of faster and more efficient catalysts. However, the smaller the composite, the lower the stability in time, which could prevent their recyclability. Nevertheless, this study clearly illustrates the importance of reporting the different size parameters (e.g. crystal size, MOF shell thickness, etc.) of MOF@iNP composites to obtain reproducible results when they are used in catalysis. 
